To survey the prevalence of Sarcocystis infections, 210 heart samples were collected from Korean native cattle (Bos taurus coreanae) at an abattoir in Daejeon Metropolitan City, Republic of Korea. Sarcocysts were detected form 31 specimens (14.8%) and identified as Sarcocystis cruzi via transmission electron microscopy. The wall of S. cruzi has flattened protrusions that did not contain fibrils or microfilaments. The protrusions arose irregularly from the base, contained a fine granular substance, lacked internal microfilaments, and measured approximately 0.21-1.25 μm in length and 0.05-0.07 μm in width. Sequence analysis revealed 99.5% homology to S. cruzi. This is the first report on the prevalence of S. cruzi in native cattle from the Republic of Korea.
INTRODUCTION
The genus Sarcocystis is related to protozoa and, as the largest genus in the phylum Apicomplexa, can cause mortality in many species of domestic and wild animals [1] ; both definitive and intermediate hosts are known for only 56 species. The fine structures of sarcocyst walls may change with age and are not considered satisfactory for separating species [2] . The parasites have 2 hosts in which herbivores or omnivores act as intermediate hosts that are infected after ingesting oocysts in the feces of the definitive hosts, and carnivorous definitive hosts acquire the infection by ingesting sarcocysts in the tissue of intermediate hosts [3] [4] [5] . The cysts of Sarcocystis spp. are found worldwide in the muscles of bovid intermediate hosts. Sarcocystis infections in these hosts cause diseases including anorexia, pyremia, anemia, weight loss, abortion, and death in severe cases [1, 5, 6] .
The main objective of this study was to determine the prevalence of Sarcocystis infection in Korean native cattle. Previous Korean surveys of Sarcocystis infection among rearing cattle have indicated that higher infection rates are observed in older cattle and have identified canines as the definitive hosts, but taxonomic classification by molecular research and transmission electron microscopy (TEM) has not been achieved [7] [8] [9] . This paper describes the detection of Sarcocystis by light microscopy (LM) of heart muscle tissue sections, shows the prevalence of Sarcocystis cruzi and identifies specific species through TEM, PCR, sequencing, and phylogenetic analysis. Total 210 cardiac muscle samples (male 3, obtained from November 2013 to January 2014 in a slaughterhouse located in Daejeon Metropolitan City, the Republic of Korea. Portions of each sample were fixed in 10% neutral buffered formalin, embedded in paraffin, sectioned at 4 μm, and stained with hematoxylin and eosin for histological examination. The remainder of the samples were stored at -20˚C for PCR.
MATERIALS AND METHODS

Sample collection and histological processing
TEM
Pieces of the heart muscles were examined by LM, and those that contained cysts were fixed with 2.5% glutaraldehyde solution in 0.1 M phosphate buffer (pH 7.4) for 4 hr. After the buffer wash, specimens were post-fixed with 1% osmium tetroxide at 4˚C for 4 hr. Afterwards, the specimens were dehydrated in a graded ethyl alcohol series and 2 changes of propylene oxide and embedded in an epon mixture. The ultrathin sections were stained with uranyl acetate and lead citrate before examination on a Tecnai G2 TEM at 120 kV (FEI, Hillsboro, Oregon, USA).
DNA extraction for PCR
Genomic DNA was next extracted from the frozen, cyst-positive samples that had been identified by light microscopy; the DNA was extracted using DNeasy Blood & Tissue Kits (Qiagen, Hilden, Germany) according to the manufacturer's instruction. PCR amplification was performed using EmeraldAmp® GT PCR Master Mix (Takara, Shiga, Japan) with 1 μl of the abovedescribed template gDNA. Two pairs with 18S 2L (5´-GGATA AACCGTGGTAATTCTATG-3´)/3H (5´-GGCAAATGCTTTCG-CAGTAG-3´) and S1 (5´-GAATCCAAACCCCTTTCAGAGT-3´)/1H (5´-TATCCCCATCACGATGCATAC-3´) primers were used to amplify the partial 18s rRNA gene [10, 11] . In order of 2L (forward) -S1 (forward) -3H (reverse)-1H (reverse) primer, they are located in Sarcocystis sequence. We expected that 2L/3H and S1/1H primer sets make an about 850 bp and 1,050 bp PCR products, respectively. The cycling parameter for the PCR consisted of initial denaturation at 95˚C for 5 min followed by 40 cycles of 94˚C for 40 sec, 55˚C for 45 sec, and 72˚C for 1 min 30 sec, with final extension at 72˚C for 6 min. The PCR products were next visualized via electrophoresis on 1.2% agarose gel with a SiZer TM -100 DNA marker (Intron, Seongnam, Korea) and purified using Nucleospin® Gel and PCR Clean-up (Macherey-Nagel, Düren, Germany) for sequencing.
Sequencing and phylogenetic analysis
Positive PCR products were directly sequenced by dideoxy chain termination with an automatic sequencer (ABI 3730 xl capillary DNA sequencer, Applied Biosystems, Foster City, California, USA) using above primers and additional 17 (5´-AGA-ATTTCACCTCTG-3´) primers. All of sequence data were linked with single sequence. The resulting sequences were aligned and then subjected to phylogenetic analyses of the SSU rRNA genes against previously sequenced Sarcocystis species as well as with other registered sequences of Sarcocysits spp. from intermediate hosts, retrieved from GenBank using the BLAST program (http://www.ncbi.nlm.nih.gov/BLAST). A score of sequences were aligned by DNASTAR (DNASTAR Inc.), Clustal W (www. clustal. org), and MEGA 6.0 [12] . Neighbor-joining [13, 14] methods were based on a guide tree as pairwise and multiple alignment parameters. The final alignment comprised a score of sequences with 36 taxa.
RESULTS
LM findings
Sarcocysts were found in the cardiac tissue slides of the Korean native cattle. The cysts were all in the muscle fibers. The sarcoplasms of the myocardia presented with numerous bradyzoites enclosed in the thin and smooth host cell wall. The walls of the sarcocysts were indiscernible (Fig. 1A, B) . The cysts shaped oval to spherical and 37-111× 66-304 (mean 63.1× 167.0) μm in size. The specific species could not be accurately described by light microscopic observation on the sample slides because morphological differences could not be told from the sarcocysts of other species. Eosinophilic myositis and diffuse leukocytic infiltration were not severe.
TEM findings
The cysts were situated within the cardiac muscle fibers and the cyst walls were thin (< 1 μm in width) and had hair-like, flattened protrusions. The walls consisted of 3 layers, ground substance, flattened protrusion, and sarcoplasm (Fig. 2C) , and the protrusions measured approximately 0.21-1.25 μm in length and 0.05-0.07 μm in width, arose irregularly from the base, contained a fine granular substance, and lacked internal microfilaments (Fig. 2C, D) ; we observed variations in the density of the protrusions even within a given cyst. The cysts had prominent septa (Fig. 2B) , and the parasites were enclosed in amorphous matrices that contained numerous oval to fusiform bradyzoites (Fig. 2A) . The bradyzoites consisted of 4 regions: an anterior region that contained rhoptries and a large number of micronemes, a fourth second region with abundant amylopectin granules, a fourth third region that contained the nucleus, and a posterior region that contained abundant amylopectin granules (Fig. 2E) . The multiple rhoptries appeared in the cross-sectioned anterior regions of the bradyzoites, and we counted 7 rhoptries (Fig. 2F) .
18S rRNA sequence
Based on the histological results, PCR amplification, sequencing, and phylogenetic analysis were performed on the 18S rRNA to identify species. Positive cardiac samples were subjected to amplify 18S rRNA. The PCR amplicons were approximately 1,500 bp, which was in accordance with the predicted size. Three amplicons were sequenced. BLAST searches revealed that the 18S rRNA sequences showed 99.5% similarity to S. cruzi. GeneBank accession number with MH129611. A phylogenic tree of the 18S rRNA sequence revealed our sarcocysts branched into a group of S. cruzi from other countries (Fig. 3) .
DISCUSSION
There are 3 main species of Sarcocystis in cattle: S. cruzi, of which canids are definitive hosts; S. hirsuta, transmitted by cats; and S. hominis, transmitted by humans. S. cruzi is the most common and important species that affects cattle [15] [16] [17] . It is one of the most common Sarcocystis spp. in bovids, with S. cruzi cysts most commonly found in the heart [18, 19] . Interestingly, some species of Sarcocystis avoid certain muscle organs. For example, S. muris in mice, S. gigantea in sheep, and S. hirsuta in cattle do not develop in the heart [20] . It was reported that the villar protrusions in S. hirsuta were 8 μm long and constricted at the base and they expanded laterally in the midregion and tapered distally, and the villar core contained numerous microfilaments and rows of electron-dense granules [21] .
In the Republic of Korea, S. cruzi has been rarely reported [7] [8] [9] ; however, the taxonomy has been host given, and the specific species identification through molecular work and the study of the ultrastructure have not been clearly illustrated.
In our study, LM examinations revealed 31 (14.8%) cardiac samples that were positive for sarcocysts from a pool of 210. The sarcoplasms of the myocardia presented with bradyzoites enclosed in the thin smooth cyst walls, and the cysts ranged in morphology from oval to spherical and measured between 37-111 × 66-304 (mean 63.1× 167.0) μm in size; this depiction is similar to those in previous studies [7] . However, due to the similarity of sarcocysts in other species, including S. levinei [22] , for more accurate identification, molecular work and the study of the ultrastructure are needed. The structure of the sarcocyst, particularly its walls, is characteristic of a species within a host and is commonly used in identifying Sarcocystis species; under LM, the structures of sarcocyst walls and their protrusions are decisive for assessing the species. Unfortunately, however, LM cannot discern between the 3 Sarcocystis spp. in cattle with different definitive hosts [19, 23] . The thin-walled S. cruzi cysts can easily be distinguished from the thick-walled sarcocysts of S. hominis and S. hirsuta guided by tissue sections [4, 24, 25] ; S. hominis and S. hirsuta have "thick, radially striated," 2.5-9.0 μm cyst walls [26] . In our study, the cysts ranged in morphology from oval to spherical and measured 37-111× 66-304 (mean 63.1× 167.0) μm in size, and the cyst walls were indiscernible; we determined that the specific species could not be accurately described histologically. In this study, transmission emission microscopy revealed the presence of thin walls (<1 μm in width) in S. cruzi, but other differences in morphology could not be observed between the corresponding sarcocysts from different host species. Under TEM, the characteristics of the cysts were similar to those described in previous studies [26, 27] . The structure of S. hominis was described in the current study as having nearly perpendicular, cylindrical protrusions with many longitudinal microfilaments and few dense granules [21, 28, 29] . S. hirsute can be determined most reliably by TEM (in some cases also in semi-thin sections): the villar protrusions are club-or bulb- shaped in the outline, with a stalklet at the base and with microfilaments [26] . The muscular tissue cysts found in other genera (i.e., Toxoplasma gondii and Hammondia hammondi) may resemble sarcocysts. They have thin cyst walls but lack septa or a secondary cyst wall [30] . Our present study also found thin sarcocyst walls (< 1 μm in width), and the septa and walls had flattened protrusions that did not contain fibrils or microfilaments.
Phylogenetic topology of 1,000 bootstraps of our samples revealed high sequence similarity to S. cruzi, and BLAST searches revealed that the 18S rRNA sequences shared 99.5% identity with S. cruzi.
S. cruzi is very frequently identified in the cardiac muscles of cattle that are native to Korea. We identified the parasites as S. cruzi using morphological and molecular studies including light and transmission electron microscopy, PCR, and sequence analysis. This is the first report on detecting S. cruzi using TEM and 18S rRNA gene sequence analysis in native cattle from the Republic of Korea.
